AbstractÐSome authors claim that microglia originate from the neuroepithelium, although most now believe that microglial cells are of mesodermal origin, and probably belong to the monocyte/macrophage cell line. These cells must enter the developing central nervous system (CNS) from the blood stream, the ventricular space or the meninges. Afterward microglial cells are distributed more or less homogeneously through the entire nervous parenchyma. Stereotyped patterns of migration have been recognized during development, in which long-distance tangential migration precedes radial migration of individual cells. Microglial cells moving through the nervous parenchyma are ameboid microglia, which apparently dierentiate into rami®ed microglia after reaching their de®nitive location. This is supported by the presence of cells showing intermediate features between those of ameboid and rami®ed microglia. The factors that control the invasion of the nervous parenchyma, migration within the developing CNS and dierentiation of microglial cells are not well known. These phenomena apparently depend on environmental factors such as soluble or cell-surface bound molecules and components of the extracellular matrix. Microglial cells within the developing CNS are involved in clearing cell debris and withdrawing misdirected or transitory axons, and presumably support cell survival and neurite growth. #
INTRODUCTION
Microglial cells were reported to exist within the central nervous system (CNS) nearly a century ago [see Barron (1995) ]. Although del Rio-Hortega (1932) provided a complete framework for de®ning this cell type, many features of microglia are still controversial. An example is the two opposing hypotheses on the origin of microglial precursors that continue to be defended more than half a century after del Rio-Hortega's paper. One hypothesis states that microglial precursors are cells of neuroectodermal origin like neurons and the remaining glial cells; the other proposes that they proceed from mesodermal cells and therefore originate outside the developing nervous tissue. If the second theory is true, how and when microglia precursors enter the nervous parenchyma must be determined. Regardless of their origin, these cells must migrate through and dierentiate in the entire CNS. This review deals with the origin and development of microglia within the developing normal brain. It is convenient to distinguish between:
1. the production of microglia during development; and 2. the origin and dierentiation of cells responsible for microglial turnover in adult life and microglial production under pathological conditions (cerebral ischemia, infection, mechanical or chemical injury, F F F), because dierent mechanism are probably involved in these situations.
This article refers only to the ®rst topic; readers interested in the biology of the adult microglia and their function in the normal and pathological brain should consult recent reviews (Perry and Gordon, 1991; Thomas, 1992; Banati et al., 1993; Banati and Graeber, 1994; Barron, 1995; Streit, 1995; Kreutzberg, 1996; Moore and Thanos, 1996) .
ORIGIN OF MICROGLIA
As indicated already, two principal views about the origin of microglia currently exist:
1. microglial cells are of mesodermal origin; and 2. microglial cells originate from neuroepithelial cells.
View (1) is sustained by a large proportion of authors, who believe that microglia derive either from monocytes that leave the blood stream and colonize the nervous parenchyma, or from primitive (or stem) hemopoietic cells that dierentiate as microglial cells within the CNS.
Origin from Monocytes/Macrophages
del Rio-Hortega (1932) postulated that``the microglia arises from polyblasts or embryonic cells of the meninges'', stating that microglial cells were of mesenchymal, non-neuroectodermal origin. He remarked that microglial cells invading the brain from the meninges had features similar to these of blood leukocytes (del Rio-Hortega, 1932) , and were therefore probably blood-borne cells. Microglial cells and cells of monocytic lineage share several features, such as the presence in monocytes and all or some types of microglia of particular enzymes, as nucleoside diphosphatase, non-speci®c esterase and acid phosphatase (Boya et al., 1979; Ling et al., 1982; Murabe and Sano, 1982a; Fujimoto et al., 1987 Fujimoto et al., , 1989 Castellano et al., 1991) . Microglial and monocytic cells contain large amounts of vault particles (Chugani et al., 1991) and are labeled by several lectins (Streit and Kreutzberg, 1987; Hutchins et al., 1990; Acarin et al., 1994) . Moreover, antibodies that recognize both microglia and monocytic cells have been developed in a number of species, as ®sh (Dowding et al., 1991) , amphibians (Goodbrand and Gaze, 1991) , birds (Jeurissen et al., 1988; Cuadros et al., 1992) , rodents (Imamura et al., 1990; Gehrmann and Kreutzberg, 1991; Perry and Gordon, 1991; Flaris et al., 1993) and humans (Penfold et al., 1991; Paulus et al., 1992) . These ®nd-ings, together with the phagocytic properties of microglial cells, suggest that microglia are related to monocytic cells and belong to the mononuclear phagocytic system.
However, other studies appear to contradict the monocytic origin of microglia. First, rami®ed microglia do not contain some of the markers shared by ameboid microglia with cells of monocytic lineage (Oehmichen et al., 1979; Wood et al., 1979; Streit, 1995) . Second, some markers that label macroglial cells have been reported also to label microglia (Dickson and Mattiace, 1989; Wolswijk, 1995) . And third, microglial cells have features dierent from other cells of the mononuclear phagocytic system: they display particular morphological features in vitro (Giulian et al., 1995) , proliferate spontaneously in culture (Giulian et al., 1995) , and have a distinct ion channel pattern dierent from that of monocytes and macrophages in non-nervous tissues (Kettenmann et al., 1990; Brockhaus et al., 1993) .
The op/op mutant mouse shows a systemic lack of colony stimulating factor-1 (CSF-1, also known as macrophage-colony stimulating factor, M-CSF) and macrophage populations are severely aected in dierent tissues (Wiktor-Jedrzejczak et al., 1992) . However, the microglia population is apparently normal in the non-injured brain of mutant mice (Naito et al., 1991; Blevins and Fedoro, 1995) , suggesting, therefore, that microglia are dierent from macrophages in other tissues. Cultures of brain cortex cells from op/op mice demonstrated that microglial cells require the presence of CSF-1 for their development (Blevins and Fedoro, 1995) ; the presence of normal numbers of microglia in the brain of op/op mice was explained proposing that the lack of CSF-1 was compensated in vivo by other factors produced locally in the CNS (Blevins and Fedoro, 1995) . Therefore, the results provided by the in vivo and in vitro studies are compatible both with the microglia belonging to the monocyte/ macrophage cell line and also with them not being related to this cell line.
To elucidate whether microglial cells derive from monocytic cells, Ling et al. (Ling, 1979; Ling et al., 1980) injected either an ink solution or carbonlabeled monocytes into the blood stream of newborn rats. Because they found some ameboid and rami-®ed microglia which contained carbon particles, they concluded that microglia originated from monocytes which enter the nervous parenchyma from the blood stream (Ling, 1981) .
The idea that microglial cells are of monocyte/ macrophage lineage has received support from other kinds of studies. Cells with morphological features of microglia and with a pattern of membrane currents characteristic of microglia develop from monocytes or non-nervous tissue macrophages which are cultured on an astrocyte monolayer (Schmidtmayer et al., 1994; Sievers et al., 1994) . At present, it is not known whether all cells of the macrophage/monocyte lineage can produce microglia cells, or whether this ability is limited to a special subset of such cells. Giulian et al. (1995) found that mononuclear phagocytes isolated from the brain of newborn rats gave rise to cells with particular morphological features which did not appear in cultured mononuclear phagocytes from non-nervous sources; these authors concluded that microglial precursors are a unique class of cell dierent from precursors of other types of mononuclear phagocytes. In this connection, it was found that a subpopulation of bone marrow-derived cells showed the same ion channel pattern as microglial cells, suggesting that the bone marrow contains precursors that are committed to produce microglia and that they are dierent from the precursors which produce macrophages for other body regions (Banati et al., 1991) .
Origin from Primitive Hemopoietic Cells
However, macrophages/microglial cells appear within the CNS before it is vascularized (Ashwell, 1991; Sorokin et al., 1992; Cuadros et al., 1993; Wang et al., 1996) and before monocytes are produced in hemopoietic tissues (Sorokin et al., 1992; Hurley and Streit, 1996; Naito et al., 1996) . Therefore, not all microglial cells can originate from circulating monocytes during development. Another possibility is that some or all microglial cells derive from undierentiated hemopoietic cells which colonize the developing CNS independently of its vascularization (Hurley and Streit, 1996) . In this regard Alliot et al. (1991) noted that hemopoietic cells which can dierentiate into microglial cells are present in the bone marrow and in the nervous parenchyma of both the adult and developing CNS of mice. The presence of macrophages of hemopoietic origin within the early nervous parenchyma has been established using quail±chick embryo chimeras (Cuadros et al., 1993) . Although it is possible that these embryonic macrophages give rise to the population of microglial cells in the adult, the connection between them and microglial cells has not been conclusively established. In fact, embryonic macrophages might also leave the CNS or degenerate after ful®lling their functions during development, and therefore they would not be microglial precursors.
The hypothesis that microglial cells are of hemopoietic origin has been tested in mammals using bone marrow chimeras (Matsumoto and Fujiwara, 1987; Hickey and Kimura, 1988; De Groot et al., 1992; Hickey et al., 1992; Unger et al., 1993; Krall et al., 1994) . One of these studies (Matsumoto and Fujiwara, 1987) failed to observe microglial cells of bone marrow origin, and concluded that microglia were probably of neuroectodermal origin. Hickey and Kimura (1988) showed that the perivascular microglia are bone marrow-derived. In contrast, very few parenchymal microglial cells of donor origin were observed despite the fact that non-microglial cells derived from the graft were common within the nervous parenchyma of normal and pathological brains (Hickey and Kimura, 1988; Hickey et al., 1992; Lassmann et al., 1993) . These authors suggested that parenchymal microglia were of neuroectodermal origin, or that they derived from bone marrow-derived precursors which enter the nervous system before or about the time of birth. In an attempt to explain the presence of microglial precursors in the embryonic or early postnatal brain, De Groot et al. (1992) transplanted bone marrow cells to irradiated adult and 1 day old mice. Only ca 10% of the resting microglia were of donor origin in both newborn and adult mice. Although the authors noted that microglial precursors might enter the CNS from fetal hemopoietic organs during embryonic stages, they sustained that the microglia comprise a heterogeneous population of mainly neuroectodermal origin. A study by Krall et al. (1994) showed that ca 20% of microglial cells (mainly perivascular cells) were replaced by cells of donor origin 6±8 months after bone marrow transplant in mice; these results were in accordance with those reported by Kennedy and Abkowitz (1997) . Finally, a recent paper (Eglitis and Mezey, 1997) con®rmed that transplant-derived cells colonize the CNS of bone marrow-chimeric mice; certain of the cells of donor origin were identi®ed as microglia, but surprisingly, some astrocytes were also found to be of donor origin.
The dierences in the results obtained from bone marrow chimeras may have resulted from dierences in the species used in these studies, the age at grafting, and the strategies used to reveal donor-origin cells. In several of these studies antibodies against speci®c major histocompatibility class I antigens (MHC I) molecules were used to detect cells of donor origin (Matsumoto and Fujiwara, 1987; Hickey and Kimura, 1988; Hickey et al., 1992) . Because MHC I are not constitutively expressed in normal rat brains (Flaris et al., 1993) , it was necessary to induce upregulation of these molecules to disclose the presence of labeled cells. Dierences in the induced expression of MHC I and the slow turnover of microglial cells in the adult brain (Lawson et al., 1992) may explain why Matsumoto and Ikuta (1985) found no labeled rami®ed microglia, whereas Hickey and co-workers (Hickey and Kimura, 1988; Hickey et al., 1992) did identify a few rami®ed microglia of donor origin.
The results obtained in bone marrow±chimera experiments do not rule out the possibility that microglia precursors originate in embryonic hemopoietic organs at early stages of development. In rodents, microglial precursors seem to enter the CNS from the last days of embryonic life until the third postnatal week, and most of the microglial precursors would presumably have left the bone marrow or other hemopoietic organs by the time De Groot et al. (1992) irradiated newborn mice in order to construct chimeric mice. Thus the results from bone marrow±chimeric rodents do not have still provided conclusive results regarding the origin of microglia.
Origin from Neuroectodermal Cells
Several authors have sustained that at least some microglial cells are of neuroectodermal lineage. This view results from dierent sort of studies. Autoradiographic analyses of the genesis of microglia within the mouse hippocampus showed that microglial cells seemed to derive from glioblasts that also produce astrocytes; this conclusion was based on a presumed continuous morphological transition from proliferating glioblasts to resting microglia (Kitamura et al., 1984) . The ®nding of microglial cells within the matrix cell layer during development has been considered an indication of the neuroepithelial origin of microglia (Hutchins et al., 1990) . However, the microglial cells within the neuroepithelium may also be cells that are traversing the neuroepithelial layer after entering the nervous parenchyma from the ventricle .
It was found that monoclonal antibodies against the protein lipocortin-1 label both a fraction of neuroepithelial cells and microglial cells in the developing rat brain, thus suggesting that microglial cells originate within the neuroepithelium (Fedoro, 1995; McKanna and Fedoro, 1996) . In addition, some of the antibodies that recognize microglial cells also label a proportion of cells of neuroectodermal origin (Dickson and Mattiace, 1989; McKanna, 1993; NavascueÂ s et al., 1994; Wolswijk, 1995) . Although these observations appear to support the idea that microglial cells are of neuroectodermal lineage, it should be recalled that sharing some antigenic markers does not mean that two cell types also share the same origin. At the present more markers linking microglial cells to the macrophage/ monocyte lineage are known than to other cell type.
Macrophage-like cells and/or microglia are produced in cultures of embryonic neuroepithelium (Hao et al., 1991; Richardson et al., 1993; Papavasiliou et al., 1996) . This ®nding suggests that microglial cells may derive from embryonic neuroepithelial cells. Moreover, macrophage/microglial cells were produced in mouse neuroepithelial cell cultures thought to be free of potential microglial precursors of mesenchymal origin after selective elimination of cells bearing the Mac-1 antigen, present in macrophages and microglial cells (Hao et al., 1991) . However, the macrophage-like cells produced in these cultures might derive from cells without Mac-1 immunoreactivity which had previously invaded the developing CNS. In this connection Alliot et al. (1991) inferred that microglial cells may derive from cells in the nervous parenchyma which have not yet acquired the Mac-1 epitope.
A recent article (Fedoro et al., 1997) has introduced new elements to the controversy about the origin of microglial cells, sustaining that astrocytes and microglial cells may derive from the same progenitor cell. This conclusion was supported by the ®nding of clones derived from single newborn mouse brain cells which contained both astrocytes (recognized by the labeling with anti-GFAP antibodies) and microglial cells (marked with Mac-1 antibody). These results may be explained in two ways:
1. that microglial cells (or a fraction of them) are of neuroepithelial origin, as astrocytes are thought to be; 2. that astrocytes, like microglial cells, can be derived from hematopoietic cells that have entered into the CNS.
This second possibility challenges the idea that astrocytes are of neuroectodermal lineage, but agrees with the ®nding by Eglitis and Mezey (1997) that astrocytes of donor origin appear in mice subjected to bone marrow grafting.
INVASION OF THE DEVELOPING CNS BY MICROGLIAL PRECURSORS
If microglial precursors originate outside the nervous parenchyma, they need to enter it at some point. This probably occurs for the most part before the nervous system is mature. In the quail many microglial precursors enter the nervous parenchyma during the last week of incubation NavascueÂ s et al., 1995) , and they appear for the ®rst time within the rodent nervous system during the end of embryonic life and ®rst days of postnatal life (Perry et al., 1985; Milligan et al., 1991a; Perry and Gordon, 1991) . The entry of microglial precursors during embryonic or early postnatal life, together with proliferation of such cells within the CNS (Dalmau, 1997; Dalmau et al., 1997a) , should provide enough precursors to produce the mature microglial population, which shows slow turnover in the adult (Lawson et al., 1992) . In the adult, new microglial cells appear presumably through mechanisms dierent from those involved in the early migration of precursors, and will therefore not be discussed here.
Three routes of microglial precursor invasion have been proposed. Microglial precursors may enter the nervous parenchyma:
1. from the blood stream, by traversing the endothelial wall; 2. from the ventricles, by traversing the ventricular layer; or 3. from the meninges, by traversing the pial surface.
Each of these routes will be discussed. Invasion of the nervous parenchyma from the blood stream is apparently related with the hemopoietic (primitive or monocytic) origin of microglial precursors; however, the other routes of invasion do not preclude this origin, as hemopoietic cells may pass into the ventricle or migrate into the meninges after leaving the hemopoietic organs or blood stream, and then enter the developing nervous parenchyma.
Entry of Microglial Precursors from the Blood Stream
Migration from the blood stream is consistent with the blood-borne origin of microglial cells, and has received experimental support from studies in which labeled microglial cells were observed within the nervous parenchyma after circulating blood cells were labeled (Ling, 1979; Ling et al., 1980) . Cells entering via this route probably adhere to the vessel wall and subsequently gain access to the nervous parenchyma in a process similar to that described for the invasion of other tissues by cells of the macrophage/monocyte lineage (Cramer, 1992) . The LFA-1/ICAM-1 (lymphocyte function-associated antigen-1/intercellular adhesion molecule-1) adhesion system, one of the systems involved in these processes, has been implicated in the entry of leukocytes into the lesioned brain parenchyma (Akiyama et al., 1994) . This system may participate in the entry of microglial precursors into the developing rat brain from the blood stream: upregulation of ICAM-1 in the endothelial cells of the developing brain vessels coincides with the presence of numerous LFA-1-positive cells within the vessels and in the nervous parenchyma during the period when microglial precursors invade the brain (Dalmau et al., 1997b) . Passage from the blood stream to the nervous parenchyma is easier in the developing brain than in the mature one, as the blood±brain barrier forms relatively late; therefore, large numbers of microglial precursors might use this route to invade the developing CNS. Blood vessels are distributed throughout the nervous parenchyma, allowing microglial precursors that migrate across the endothelial wall to reach their ®nal location in the CNS without having to migrate over long distances.
However, microglial cells also appear in regions of the developing CNS devoid of vascularization (Hurley and Streit, 1996) . In the mammalian retina microglial cells appear well before of vascularization (Ashwell et al., 1989; Schnitzer, 1989; Diaz-Araya et al., 1995) , and they spread throughout the entire avascular retina of the quail (NavascueÂ s et al., , 1995 . Eventually, some microglial cells are seen adhering to or near blood vessels (Murabe and Sano, 1982b; NavascueÂ s et al., 1996; Dalmau et al., 1997a) , but microglial cells are not distributed around blood vessels during development, as would be expected if they came from the blood stream. Therefore, although some microglial precursors appear to enter the nervous parenchyma by traversing the endothelial wall, they likely also use other routes.
Entry of Microglial Precursors from the Ventricle
The idea that microglial precursors may reach the nervous parenchyma from the ventricle is based on the presence of cells of the monocyte/macrophage lineage in the ventricular lumen (Jordan and Thomas, 1988) . Experimental injections of microcarrier beads coated with crotoxin showed that ventricular macrophages adhered to the beads and acquired a rami®ed appearance similar to that of the rami®ed microglia in the nervous parenchyma (Kaur et al., 1990) . In addition, microglial cells have seen apparently in the process of traversing the ventricular surface during brain development Cavalcante et al., 1995; NavascueÂ s et al., 1996) [ Fig. 1(A) ]. The relative contribution of 
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precursors that use this route to the ®nal number of microglial cells is not known, and presumably varies depending on the brain area considered.
Entry of Microglial Precursors from the Meninges
This route of entry of microglial precursors was ®rst proposed by del Rio-Hortega (1921 , 1932 , who described the``sources of the microglia'' as regions around the pial margin from which large numbers of microglial cells originated. This idea has been supported by later studies that showed microglial cells on the pial surface during the development (Boya et al., 1991; Cuadros et al., 1994 Cuadros et al., , 1997 NavascueÂ s et al., 1996; Dalmau et al., 1997a) , and by electron microscopic images that suggested that precursors of microglial cells traverse the pial border of the CNS (Boya et al., 1987) . Large clusters of microglial precursors were found on both sides of the pial border at some points of the brain surface of the developing quail; some of the cells in these clusters were apparently in the act of traversing the pial surface [ Fig. 1(B) ]. Most microglial cells in the optic tectum and cerebellum seem to derive from precursors which have entered the nervous parenchyma by traversing the pial surface.
In addition to these points of`massive' invasion through which large numbers of microglial cells apparently enter the nervous parenchyma, individual microglial precursors seem to traverse the pial surface at other points, such as the surface of the optic lobes and the dorsal surface of the telencephalic vesicles (unpublished observations). This represents a`diuse' invasion through the pial surface. Diuse invasion does not occur in the developing cerebellum (Boya et al., 1991; Cuadros et al., 1997) , perhaps because the external granule layer, which is directly beneath the pial surface during embryonic life, prevents this invasion.
In all, there is evidence in support of each of the proposed routes of invasion of the developing CNS described above, and it seems that microglial precursors use all the three. It has been suggested that cells entering the nervous tissue via dierent pathways constitute dierent subpopulations of microglial cells (Provis et al., 1996) .
Factors Guiding the Entry Into the Developing CNS
Because invasion of microglial precursors takes place in a consistent manner, there must be speci®c factors that guide the process. The number of available microglial precursors is probably highest during the invasion period, when the CNS is most easily invaded. Several authors have stressed that the appearance of large numbers of microglial precursors or brain macrophages within the developing brain coincides with cell death phenomena (Perry et al., 1985; Ashwell, 1991; Milligan et al., 1991a; Perry and Gordon, 1991) . However, little is known about the relationship between cell death and microglial invasion. Both disease and injury of the CNS in rats and mice induces the expression of genes that code for a monocyte/macrophage chemoattractant factor, monocyte chemoattractant protein-1 (MCP-1) (Glabinski et al., 1996; Ivacko et al., 1997) ; this or similar chemoattractants are likely involved in the recruitment of mononuclear phagocytes from the blood stream, and perhaps also from the surrounding nervous parenchyma (see Section 4.2.2). However, it is not known whether these factors released during the process of cell degeneration come into play during development.
SPREADING OF MICROGLIAL PRECURSORS WITHIN THE CNS: PROLIFERATION AND MIGRATION
Microglial cells appear in all regions of the mature CNS, although their density varies between areas of the nervous parenchyma (Lawson et al., 1990) . Two mechanisms may contribute to the spreading of microglial cells throughout the nervous parenchyma: proliferation and migration.
Proliferation
Microglia show proliferative activity in the normal adult brain (Lawson et al., 1992) which greatly increases when microglia activate in injured brain (Streit et al., 1988; Reid et al., 1993; Amat et al., 1996) . Brain macrophages and immature microglia in the developing CNS also have mitotic activity, as revealed by the uptake of labeled nucleotides or by the presence of proliferating cell nuclear antigen (PCNA) (Mander and Morris, 1996; Cossmann et al., 1997; Dalmau, 1997; MarõÂ n-Teva et al., 1998) . The relative contribution of proliferation to the increase in number of microglial cells during development has not been established.
The proliferation of microglial cells within the developing CNS depend on external factors. In vitro studies have characterized several mitogens for brain macrophages/microglia Elkabes et al., 1996) . As some of these molecules are present in the developing CNS (Giulian et al., 1991) , they would be involved in the control of the proliferation of microglial cells during development.
Migration
Evidently, the distance that the microglial cells have to cover through the developing nervous parenchyma depends on their initial and ®nal location points. Microglial cells that enter the CNS by traversing the endothelial wall may leave the blood stream in regions near their ®nal location, and therefore need not migrate through long distances in the nervous parenchyma. In contrast, microglial precursors that enter through the ventricular or meningeal surfaces must cover long distances to colonize areas far from their entry point. Several studies have shown that microglial cells move through the nervous tissue: microglial cell migration has been demonstrated in the frog CNS after the injection of cobalt (LaÂ zaÂ r and PaÂ l, 1996), after resection of the facial nucleus of the rat (Angelov et al., 1995) , after focal lesion in the rabbit retina (Humphrey and Moore, 1996) , and in the retina of rats with inherited photoreceptor degeneration (Thanos, 1992; Thanos and Richter, 1993; Roque et al., 1996) .
The mode of microglial cell migration in the developing CNS has been investigated in embryonic quail retinas (MarõÂ n-Teva et al., 1998). This study reveals that microglial cells move on MuÈ ller cells endfeet like ®broblasts migrating on a two-dimensional substratum (Fig. 2) . Little is known, however, about the movement of microglial cells through regions of the CNS with a more complex organization.
Steps in the Migration of Microglial Cells
Studies in the developing quail have documented long-distance migration of microglial precursors in several CNS regions such as the retina (NavascueÂ s et al., 1995), optic tectum and cerebellum (Fig. 3) . Migration of the microglial precursors in these regions occurs in two dierent steps. During the ®rst step, called tangential migration', many microgial precursors move together from their entry point within the nervous parenchyma. In this step the cells move on an oriented substrate: microglial precursors apparently migrate parallel to the axon fascicles of the nerve ®ber layer in the retina (NavascueÂ s et al., 1995) [ Fig. 3(A) ], of the stratum album centrale in the tectum [ Fig. 3(B) ] and of the cerebellar white matter [ Fig. 1(C) , Fig. 3(C and D) ]. These oriented substrates may act as`highways' which lead the microglial precursors deep within the nervous parenchyma, far from their entry points.
In the second step,`radial migration', individual microglial cells change direction and move towards the pial (scleral in the retina) surface. As a consequence, microglial precursors reach all regions of the nervous parenchyma. Radial migration is not as easily observed as tangential migration, because each cell moves independently. In addition, it is more dicult to determine whether microglial cells move along preexisting substrates during radial migration, although preliminary observations in the developing retina suggest that the precursors move along the radial processes of MuÈ ller cells (NavascueÂ s et al., 1996) . Thus, microglial precursors leave the`highways' and enter`secondary roads' to reach their ®nal destination within the nervous parenchyma (Fig. 4) . The sequence of events described above is apparent in regions of the developing quail brain with a laminar organization. At present we do not know whether it also occurs during the development of microglia in all regions of the developing CNS, and whether similar steps occur in other species, although similar events may explain observations in the developing brain of mammals (Murabe and Sano, 1982b; Perry et al., 1985; Lent et al., 1985; Milligan et al., 1991a; Caggiano and Brunjes, 1993; Cavalcante et al., 1995) .
Factors that Control Migration of Microglial Cells
The fact that microglial cells migrate in a stereotypical manner suggests that migration is controlled by speci®c factors, although the nature of such factors is not known. Factors released during cell death may in¯uence microglial migration, as several authors have reported that microglial precursors are attracted towards regions of the nervous parenchyma where intense cell death occurs (Hume et al., 1983; Ashwell, 1991; Perry and Gordon, 1991; Pearson et al., 1993) , and accumulations of macrophages/microglial cells appear in regions of the developing CNS where intense cell death occurs (Ashwell, 1990 (Ashwell, , 1991 Milligan et al., 1991a; Johnson and Berman, 1996) or where transitory axonal projections are being eliminated (Innocenti et al., 1983) . In addition, microglial cells increase in number and/or move in response to cell death pro- cesses (Thanos, 1992; Thanos and Richter, 1993; Ferrer et al., 1995; Nitatori et al., 1995; Finsen et al., 1996; LaÂ zaÂ r and PaÂ l, 1996; Roque et al., 1996) . Microglial cells would therefore behave like embryonic neurons whose migration in the the adult brain is guided by cell death phenomena (Sheen and Macklis, 1995) . Several factors have been isolated in the injured brain that may mediate the concentration of microglia in the aected area. Increase of chemoattractant chemokines (such as MCP-1) occurs associated with degenerative processes (Hulkower et al., 1993; Glabinski et al., 1996; Mallat et al., 1996) . These factors are produced by brain macrophages/microglial cells, which therefore contribute to the recruitment of cells of the same type, and also by nonmicroglial cells (Ransoho et al., 1993; Mallat et al., 1996) . It has been demonstrated that some of these factors are also released in the immature brain after injury (Ivacko et al., 1997) , but at the moment we do not know if they in¯uence the migration of microglial cells in the developing normal brain.
However, the distribution of microglial cells during development frequently does not coincide with intense cell death (Milligan et al., 1991a; Cuadros et al., 1994 Cuadros et al., , 1997 Parnaik et al., 1996) , and no relationship was found between the density of microglial cells and the intensity of cell death in particular regions during development (Lawson et al., 1990) . Therefore, other factors in addition to degeneration phenomena must also participate in controlling migration.
Microglial cells may recognize contact-guidance factors bound to the substrate on which they move. In this respect tangential migration of interneuron precursors in the mouse olfactory bulb requires NCAM-polysialic acid, whereas radial migration of these cells does not depend on the presence of this molecule (Hu et al., 1996) . We currently know of no molecules with a similar eect on the migration of microglial precursors, although microglial cells express receptors for molecules of the extracellular Fig. 4 . Schematic drawing illustrating the two steps of migration of microglial precursors described in the text. Tangential migration occurs along the`highway,' where all cells move in the same direction (indicated by the thick open arrow). At some points individual cells leave the highway and move along`secondary roads' (whose direction is indicated by arrows) to reach speci®c points within the nervous parenchyma. Finally, microglial cells dierentiate in these speci®c points. Origin and Development of Microglial Cellsmatrix and the surface of other cells (Akiyama and McGeer, 1990; SeÂ bire et al., 1993) , and produce thrombospondin, which increases adhesion and migration, during development (Chamak et al., 1995) . These facts have been related mainly to phagocytosis and the promotion of neurite growth from dierentiating neurons, but they may also be involved in the migration of microglial precursors within the developing CNS. In addition, microglia in culture produce and activate enzymes which degrade components of the extracellular matrix (Nakajima et al., 1992; Gottschall et al., 1995; Washington et al., 1996) . These enzymes enhance neurite outgrowth Seeds et al., 1996) , are involved in the spread and migration of glial precursors (Amberger et al., 1997) , and probably also facilitate the migration of microglial cells through the nervous parenchyma, although their production by migrating ameboid cells during development has not yet been established.
DIFFERENTIATION OF MICROGLIAL CELLS
Microglial cells apparently pass through dierent stages of development (Fig. 5) . In the ®rst stage, ameboid microglia, have morphological, histochemical and immunological features similar to those of macrophages outside the CNS, and are therefore also known as brain macrophages. Ameboid microglia are round or have short, broad processes; presumably, cells of dendritic or elongated morphology also belong to this type of microglia, as seen in the developing retina, tectum and cerebellum of the quail NavascueÂ s et al., 1995; MarõÂ n-Teva et al., 1998) . Part of the ameboid cells present in the embryonic brain may degenerate (Dalmau, 1997) , as occurs with activated microglia in the adult brain (Reid et al., 1993; Gehrmann and Banati, 1995; Jones et al., 1997) , but many of them would develop thin processes and become rami®ed. These phenomena may lead to the disappearance of Fig. 6 . Camera lucida drawings of dierentiating rami®ed microglial cells in the developing optic tectum of the quail. Cells from (A) E12, (B) E16, (C) P2 and (D) adult quails are illustrated. Note the progressive increase in branching pattern complexity and the tapering of cell processes during development.
Scale bar: 50 mm. Taken from Cuadros et al. (1994). all ameboid microglia, which are no longer detectable in mature brains. The complexity of rami®ca-tion of the microglial processes increases during development, making it possible to distinguish poorly rami®ed from fully rami®ed, or mature, microglia (Fig. 6 ). These events were described by del Rio-Hortega (1932) , and received later support from morphological observations of intermediate forms between ameboid and rami®ed microglial cells (Ling, 1981; Perry et al., 1985; Leong and Ling, 1992; Wu et al., 1992 Wu et al., , 1993 Cuadros et al., 1994) . The transformation of ameboid microglia into rami®ed microglia is now largely accepted (Perry and Gordon, 1988; Ling and Wong, 1993; Davis et al., 1994; Barron, 1995) . In vitro studies have shown that cultured microglial cells become rami®ed under certain conditions, such as culture on astrocyte monolayers (Sievers et al., , 1996 Tanaka and Maeda, 1996) , when certain factors are added to the culture medium (Suzumura et al., 1991; Giulian et al., 1995; Fujita et al., 1996; Eder et al., 1997) , and in the presence of certain extracellular matrix molecules Giulian et al., 1995) . The addition of serum to the culture medium inhibits the appearance of the rami®ed phenotype Giulian et al., 1995; Fujita et al., 1996; Ilschner and Brandt, 1996) , although one recent study reported that microglial cells do not ramify when serum is absent (Wilms et al., 1997) . The distribution and properties of microtubules change during the transformation of microglial cells in culture: rami®ed microglia show more stable microtubules, with a higher rate of acetylation and detyrosination than in ameboid microglia, and microtubules in rami®ed cells are apparently not anchored to microtubule organizing centers (Ilschner and Brandt, 1996) . The transformations observed in vitro probably re¯ect changes that occur during CNS development.
It has been suggested that the variability in microglial cells in dierent regions of the brain depends on environmental factors (Lawson et al., 1990; Sievers et al., 1996; Vela et al., 1995) . Microglial cells in regions exposed to plasma proteins are less rami®ed than microglia in regions of the brain parenchyma with a complete blood±brain barrier which excludes plasma proteins (Perry and Gordon, 1991) . Because the CNS is a changing environment during development, its properties at each developmental age and in each area might in¯uence microglial dierentiation.
Several authors have concluded that ameboid cells or brain macrophages are not the origin of rami®ed microglia. In support of this view is that ameboid microglia do not show the same histochemical and immunocytochemical characteristics as rami®ed microglia. For example, Matsumoto and Ikuta (1985) claimed that brain macrophages (ameboid microglia) appearing during brain development are not related to microglial cells in the adult brain because they do not share certain antigens with rami®ed microglia. Therefore, these authors concluded that ameboid microglia do not produce rami®ed microglia.
An immunocytochemical study by Wu et al. (1994) described gradual modi®cations (downregulation) in the membrane glycoprotein(s) recognized by the isolectin B 4 of Bandeiraea simplicifolia during transformation of ameboid microglia into rami®ed microglia. The labeling of rami®ed microglia with this lectin was weaker than that of brain macrophages. Similar phenomena must occur with other molecules that label both ameboid and rami®ed microglia, as labeling intensity normally decreases as rami®cation becomes more complex. The decrease in labeling intensity may lead to a lack of staining in rami®ed microglia, as occurs with the antibody ED-1 in the rat (Flaris et al., 1993) , although traces of ED-1 labeling may be recognized in some rami®ed microglia (Milligan et al., 1991a) . Many of the histochemical and immunohistochemical features present in ameboid microglia but lost in rami®ed microglia reappear in the latter cells after activation (Streit et al., 1988; Davis et al., 1994) . Microglial cells become labeled after they phagocytose axons which have been previously marked. A few days after phagocytosis the only labeled cells are ameboid microglial cells, whereas labeled rami®ed microglia appear in later stages (Bechmann and Nitsch, 1997) . These observations suggest that ameboid microglial cells became rami®ed resting cells. Similar conclusions have been drawn from experiments in which prelabeled ameboid-like microglial cells were placed in organotypic hippocampal cultures; after 9 days in vitro, they gradually transformed into highly rami®ed cells (Hailer et al., 1997) . Therefore, ameboid and rami®ed microglia are apparently two dierent stages of the same cell type.
ROLE OF MICROGLIAL CELLS DURING DEVELOPMENT
Microglial cells participate in many of the complex morphogenetic and histogenetic processes which take place during the development of CNS in order to establish the complex network of connections present in the adult. They remove dead cell fragments (Ferrer et al., 1990; Ashwell, 1990 Ashwell, , 1991 and eliminate transitory or aberrant axons (Innocenti et al., 1983; Ashwell, 1990) . In addition to acting as scavengers of cell and axon debris, microglial cells may also play more active roles during cell degeneration, for example by inducing the death of some cells Ashwell and Bobryshev, 1996) . In this connection it has been reported that macrophages elicit cell death of endothelial cells during regression of transient blood vessels in the developing rodent eye (Lang et al., 1994) , and ameboid microglia favor the death of some kinds of developing neurons in vitro (TheÂ ry et al., 1991) .
Microglial cells are also involved in phenomena which increase the complexity of the CNS. They produce trophic factors that support the development and normal function of neurons and glia Elkabes et al., 1996; Jonakait et al., 1996; Mazzoni and Kenigsberg, 1997) . Much evidence suggests that microglial cells participate in the growth and guidance of neurites within the developing CNS. Macrophages direct the growth of neurites from motoneurons (Stolz et al., 1991) and transform CNS regions which did not previously allow axonal growth into permissive substrates (David et al., 1990) . Moreover, factors released by microglial cells during development or injury may help promote axon growth Chamak et al., 1994 Chamak et al., , 1995 . Recent ®ndings have demonstrated that microglial cells enhance axon growth in vivo (Rabchevsky and Streit, 1997) . Microglial cells also promote the proliferation of astrocytes, increase myelinogenesis and stimulate the vascularization of the CNS (Giulian et al., 1988; Hamilton and Rome, 1994) .
Many of the eects of microglial cells mentioned here are apparently mediated by active substances. Microglial cells in culture produce a number of such substances as nerve growth factor (NGF), neurotrophin-3 (NT-3), interleukins 1 and 6 (IL-1 and IL-6), macrophage and granulocyte colony-stimulating factors (M-CSF and G-CSF) and tumor necrosis factor a (TNF-a) (Mallat et al., 1989 (Mallat et al., , 1996 Lee et al., 1993; Benveniste, 1995; Elkabes et al., 1996) . In addition to acting on other populations of the nervous system, products released by microglial cells also regulate their own proliferation and function (Elkabes et al., 1996) . Brain macrophages express the gene that codes for M-CSF during development (TheÂ ry et al., 1990) , but it has not yet been established what factors are in fact produced by macrophages/microglia during development in vivo, and what their role is in the building of the CNS.
The distribution of microglial cells during development probably depends on the functions that they ful®l, but at least in part, this distribution may simply be a consequence of their migration to their ®nal locations in the adult CNS. This is similar to the situation in neuroblasts, which play no speci®c role before their reach their ®nal location. Therefore the presence of microglial cells in a particular region of the developing CNS may not be related with phenomena other than their own development.
It is ameboid microglia which play active roles during development. When they dierentiate into rami®ed microglia, they become less active and progressively acquire the behavior of adult microglia. This transformation is re¯ected by the fact that microglial cells in the adult and developing brain respond dierently to similar stimuli (Milligan et al., 1991b; Lawson and Perry, 1995) . Most authors believe that microglial precursors within the CNS originate from mesodermal cells (hypothesis a) which enter the developing CNS through dierent routes. Some authors, however, support that these microglial precursors are of neuroepithelial origin (hypothesis b). The term`ameboid microglia' designates cells of microglial lineage that show morphological features dierent from these of mature microglia and, therefore, should include the ®rst microglial precursors in the nervous parenchyma and the early stages of microglial dierentiation. Ameboid microglia spread through the CNS (`spreading') to reach their ®nal location, where they dierentiate (`dierentiation') until they become fully rami®ed microglia.
CONCLUSIONS
Figure 7 provides a summary of the proposed process of microglial cell appearance during development. Although controversy still exists, some events are likely to occur:
1. Microglial cells derive from blood cells, or more likely, from cells of the blood cell lineage. 2. During development microglial precursors enter the CNS via dierent routes: from the meninges, from the ventricular lumen or from the blood stream. 3. Precursors migrate within the nervous parenchyma to their ®nal location. 4. Microglial cells show features of ameboid microglia while they move through the nervous parenchyma, but dierentiate and become mature rami®ed microglia once they reach their ®nal location.
Particular aspects of this sequence of events may be restricted to some species and/or regions of the developing brain, and other aspects remain to be fully documented. Many of these processes are believed to occur in other systems, as they would explain many observations regarding microglial cells during development. More work remains to be done to precisely determine the early origin of microglial cells, the mechanisms used by microglial precursors to enter the nervous parenchyma and migrate through it, and the role of microglial cells within the developing CNS. Because of increasing interest in the microglia, many of these questions about the origin and dierentiation of microglia may well be answered in the coming years.
